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ABSTRACT
By implementing interphase sub-models obtained from particle-resolved direct numerical simu-
lation (PR-DNS), a new computational fluid dynamics (CFD) two-fluid model for gas–solid reacting
systems can be established and may well improve the predictive ability. We proved the validity of
applying PR-DNS drag model, heat transfer model, pseudo-turbulent velocity fluctuation model
and pseudo-turbulent heat flux model into the two-fluid model. When applying these PR-DNS
submodels into the biomass fast pyrolysis case, the simulated reactor performance and product
yields would change while still keeping the trend of previous results.
1CHAPTER 1. INTRODUCTION
1.1 Motivation and objectives
In 2015, fossil energy took 81% of U.S. total energy consumption amount.1 To weaken the
dependence on fossil fuels and decrease the environmental impacts of green house gases associated
with fossil fuels,2,3 biomass, such as wood, crops or food waste is a promising renewable energy
source to produce bio-fuels as the alternative of traditional fossil energy.4–7 The objective of
this project is to develop an improved computational model to enhance the understanding of the
behavior of reacting gas–solid flows so as to overcome technical obstacles for taking fully advantage
of biomass.
Fast pyrolysis of biomass is one of the most economically feasible technologies for commercial
plants to convert biomass into bio-fuel.8,9 It involves the heating decomposition of biomass followed
by rapid cooling and condensation of the produced vapors in the absence of oxygen.10,11 Because of
the high particle heating rates,12 good mass transfer efficiency13 and the suitability for continuous
operation,12 the gas-solid fluidized-bed reactor is a common choice for fast pyrolysis of biomass.
Gas-solid reacting flow in fluidized-bed reactors consists of hydrodynamics, mixing/segregation,
chemical reactions, and heat transfer. Hence, it possesses multiphysics and multiscale features,14
which imposes enormous challenges to understand the complex phenomena inside the reactor for the
development, optimization, and scale-up of the process. Many researchers have made tremendous
efforts in this area;15–20 several commercial processes (e.g. Ensyn Technologies, Dynamotive, KIT
and BTG) have been developed for fast pyrolysis of biomass.21–26 However, the lack of fundamental
understanding of physical and chemical transformations in the reacting gas-solid flow prevents
further industrialization of these processes into full-scale plants.27 Empirical correlations and pilot-
scale experiments are mainly employed but limited by cost- and time- ineffectiveness.28
2Computational fluid dynamics (CFD) method is capable of bridging the essential particle-scale
study and the practical industrial scale operations by combining hydrodynamics theory with state-
of-the-art computational science.29–31 Hence, it has been increasingly used to predict the physical
and chemical phenomena in reactors as an alternative for traditional expensive experiments.32–37
Van der Hoef et al.14 classified different CFD models into five main categories, of which two-
fluid model (TFM) is most suitable for plant-scale simulation on account of its relatively less
computational expense. TFM treats gas and solid phases as inter-penetrating continua based on a
Eulerian reference frame where averaged conservation equations of mass, momentum, energy and
species are solved for each phase and coupled by interphase interactions terms.38,39 There exist
unclosed terms in these equations, which need to be modeled. The accuracy of the sub-models
for phase-interaction terms, such as drag and gas-solid heat transfer rate, highly influences the
predictive capability of the CFD simulation.40,41 Xue et al.42,43 have developed a CFD code based
on TFM for biomass fast pyrolysis in a fluidized-bed reactor using the open-source Multiphase
Flow with Interphase eXchanges (MFiX) platform,44,45 which shows good quality of prediction for
a lab-scale reactor. However, more accurate sub-models for the unclosed terms are required to
better improve the CFD model for industrial-scale prediction.
Leboreiro et al.46 stressed the important influence of the gas–solid drag force on the simulation
of fluidized beds. Some researchers, such as Ergun,47 Wen and Yu,48 Gidaspow,49 and Syamlal and
OBrien50 have developed several correlations for drag force, which however, exhibit quite different
behaviors with each other, as shown in Fig.1.1. Gunn et al.51 proposed a correlation for Nusselt
number of average gas-solid heat transfer, which is widely used in CFD simulations of gas-solid
flow. Questionably, the experiment data, from which Gunns correlation is derived, is a collection
of different sources which vary by several orders of magnitude; while experimental measurements
are unable to accurately capture the behavior of three-dimensional full-scale multiphase fluidized
beds.52 With the rapid growth of computing power, particle-resolved direct numerical simulation
(PR-DNS) is ready to provide detailed and accurate numerical results for improved interphase
models.
3PR-DNS is a first-principles and model-free simulation method that directly solves the gov-
erning Navier–Stokes equations for the instantaneous three-dimensional velocity and temperature
fields.53 The method is highly accurate but limited in small simulation size due to the exceeding
computational cost, comparing with TFM which can process large-scale cases. This prompts the
combination of PR-DNS and TFM methods. As Fig. 1.2 shows, the velocity and temperature fields
of microscale configurations in the gas-solid fluidized-bed biomass reactor are calculated by PR-
DNS, from which the closures for unclosed terms of TFM such as drag force, interphase heat trans-
fer, pseudo-turbulent velocity fluctuation and pseudo-turbulent heat flux can be inferred.54,55 Then
the correlations can be incorporated into TFM, which is potent to the simulations of macroscale
reactors. Here it is hypothesized that the drag model and interphase heat transfer models de-
rived from PR-DNS are consistent with the relevant terms of TFM equations. Tenneti et al.54
and Bo et al.55 have proved it theoretically. Further validation from simulation cases is needed.
The pseudo-turbulent terms are usually neglected in the TFM CFD simulations.44 Here we apply
the pseudo-turbulent gas velocity fluctuation model56 and pseudo-turbulent gas heat flux model57
derived from PR-DNS into the two-fluid CFD simulation to inspect the influence of these terms.
By implementing sub-models obtained from PR-DNS, we assume an improved CFD model for
biomass fast pyrolysis in a fluidized-bed reactor could be developed to reveal the details of the
multi-fluid reacting process and shed light on the underlying mechanisms for reactor operation and
optimization of biomass fast pyrolysis. Such predictive models of reacting gas-solid flow are also
capable to optimize the design for CO2 capture,58 fluid catalytic cracking59 and so on.
1.2 Outline
The report is comprised of seven chapters. Chapter 2 provides a review of the two-fluid model
theory and the PR-DNS models. Chapter 3 contains a detailed investigation of how to apply the
PR-DNS drag model into two-fluid CFD model. Chapter 4 evaluate the behavior of PR-DNS drag
model by calculation of the budget of the two-fluid momentum equation. The influence of PR-DNS
pseudo-turbulent velocity fluctuation is also studied. Chapter 5 demonstrated the application of
4PR-DNS heat transfer model and pseudo-turbulent heat flux model into two-fluid CFD simulation.
The combination of PR-DNS models with TFM is applied in a biomass fast pyrolysis simulation
case in Chapter 6. Chapter 7 summarizes the major conclusions and discusses possibilities and
recommendation for future work.
Figure 1.1 Normalized drag force of different drag laws for solid volume fraction εs = 0.1.
5Figure 1.2 Contour of the temperature field from PR-DNS of an independent realization of a
homogeneous gas-solid heating flow55 (left) and contour of temperature from the device-scale TFM
simulation42 (right).
6CHAPTER 2. LITERATURE REVIEW
2.1 Two-fluid model equations
Here we summarize the TFM equations of gas and solid phases for reacting gas–solid flow.44
The angel brackets denote phase averages and the neglected terms are omitted for brevity.
2.1.1 Gas phase
Continuity
∂
∂t
(εgρg) +∇ • (εgρgUg) =
Ng∑
n=1
Rgn . (2.1)
Momentum
∂
∂t
(εgρgUg) +∇ • (εgρgUgUg) = εgg +∇ • (−pgI + σg)−
M∑
m=1
Igm . (2.2)
Energy
∂
∂t
(εgρgCpgTg) +∇ • (εgρgCpgUfTg) =
M∑
m=1
γgm(Tm − Tg)−∇ • qg −∆Hg (2.3)
Species
∂
∂t
(εgρgXgn) +∇ • (εgρgUgXgn) = ∇ • (Dgn∇Xgn) +Rgn (2.4)
2.1.1.1 Gas-phase viscous stress
σg = µg (∇Ug + (∇Ug)ᵀ)− 2
3
µg(∇ •Ug)I (2.5)
2.1.1.2 Gas-phase conductive heat flux
qg = −εgkg∇Tg (2.6)
72.1.1.3 Gas-phase heat of reaction
For biomass fast pyrolysis reactions, all the heats of reaction are viewed as constant.60–62 Xue
et al.42 have made a list of the heat reaction values.
2.1.2 Solid phases
Continuity
∂
∂t
(εmρm) +∇ • (εmρmUm) =
Nm∑
n=1
Rm,n . (2.7)
Momentum
∂
∂t
(εmρmUm) +∇ • (εmρmUmUm) = εmf +∇ • (−pmI + σm) + Igm −
M∑
k=1
k 6=m
Ikm . (2.8)
Energy
∂
∂t
(εmρmCpmTm) +∇ • (εmρmCpmUmTm) = −γgm(Tm − Tg)−∇ • qm −∆Hm (2.9)
Species
∂
∂t
(εmρmXm,n) +∇ • (εmρmUmXm,n) = Rm,n (2.10)
2.1.2.1 Solid stress
For plastic flow and viscous flow, the solid stress are calculated by Schaeffer model and Prince-
ton model, respectively. (See MFiX Documentation Theory Guide44 and summary of MFiX Equa-
tions.63) The granular temperature Θ is needed to express the stress tensor. Here we use the
algebraic granular energy equation,
Θm =
[
−K1mεmDmii +
√
K21m(Dmii)
2ε2m + 4K4mεm [K2m(Dmii)
2 + 2K3m(DmijDmij)]
2εmK4m
]2
(2.11)
2.1.2.2 Solid-phase conductive heat flux
qm = −εmkm∇Tm (2.12)
8km
kg
=
[φkRkm + (1− φk)λrm]√
1− εg
(2.13)
where, φk = 7.26× 10−3,
λrm = − 2
(1− b/Rkm)
[
(Rkm − 1)b/Rkm
(1− b/Rkm)2 ln(b/Rkm) +
b− 1
(1− b/Rkm) +
b+ 1
2
]
(2.14)
Rkm =
kpm
kg
(2.15)
and, for spherical particles,
b = 1.25
(
1− εg
εg
)10/9
(2.16)
2.1.2.3 Solid-phase heats of reaction
All the heat of reactions are views as constant.
2.1.3 Interphase closures
The interphase terms include the gas–solids momentum transfer Igm, solids–solids momentum
transfer Ikm and the gas–solids heat transfer γgm (Tm − Tg).
Igm = −εm∇pg+Kgm(Ug−Um)+
Nm∑
n=1
Rm,n [ξgmUm + (1− ξgm)Ug] ,with ξgm =

0,
Nm∑
n=1
Rm,n < 0
1,
Nm∑
n=1
Rm,n > 0
(2.17)
The Gidaspow drag law49 for Kgm is
Kgm =

3
4
Cdεgεmρg
Dm
|Ug −Um| , εg > 0.8
150
µgεm(1− εg)
ε2gD
2
m
+ 1.75
ρgεm
Dm
|Ug −Um| , εg < 0.8
(2.18)
The Tenneti drag law54 (PR-DNS) for Kgm is
Kgm =
18εmµgε
2
g
D2
F (2.19)
9See Appendix C for the expression of F .
The solids–solids momentum transfer is
Ikm = Kkm(Uk −Um) (2.20)
Kkm = 3(1 + e)
(
pi/2 + cfkmpi
2/8
) (Dm +Dk)2
2pi(ρmD3m + ρkD
3
k)
ρmρkg0,mk|Um −Uk| (2.21)
g0,mk =
1
εg
+
3DkDm
ε2g(Dk +Dm)
M∑
λ=1
ελ
Dλ
(2.22)
The Gunn gas–solids heat transfer coefficient51 in the absence of mass transfer:
γ0gm =
6εmkgNum
D2m
(2.23)
where
Nu = (7− 10εg + 5ε2g)(1 + 0.7Re0.2m Pr1/3) + (1.33− 2.4εg + 1.2εg2)Rem0.7Pr1/3 (2.24)
With mass transfer from the gas phase to the mth solid phase,
γgm =
CpgRgm
exp(
CpgRgm
γ0gm
)− 1
(2.25)
The PR-DNS gas–solids heat transfer coefficient:
γgm =
6piεmkgNu
4D2θg
(2.26)
See 2.2 for details.
2.2 Interphase closures from particle-resolved direct numerical simulation
(PR-DNS)
Tenneti et al.54 have developed a model of drag force for monodisperse gas–solid flow, which
is applicable for 0.1 6 εs 6 0.5 and 0.01 6 Rem 6 300. The drag force per particle are written as
follows:
F (εs, Rem) =
Fisol(Rem)
(1− εs)3 + Fεs(εs) + Fεs,Rem(εs, Rem) (2.27)
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where εs is the solid volume fraction for monodisperse particles. Rem is the mean flow Reynolds
number:
Rem =
D |W | ρg(1− εs)
µg
(2.28)
where |W | = |Ug −Us| is the magnitude of the mean slip velocity. D is the particle diameter, and
µg is the fluid dynamic viscosity.
The Fisol term represents the single sphere drag correlation proposed by Schiller et al.:
64
Fisol =

1 + 0.15Re0.687m , Rem 6 1000
0.44Rem
24
, Rem > 1000
(2.29)
The left two terms in (2.27) are expressed as:
Fεs(εs) =
5.81εs
(1− εs)3 + 0.48
ε
1/3
s
(1− εs)4 (2.30)
Fεs,Rem(εs, Rem) = ε
3
sRem
(
0.95 +
0.61ε3s
(1− εs)2
)
(2.31)
Note that F is the normalized form, the dimensional drag force should be calculated by
Fd = 3piµgD(1− εs) |〈W 〉|F (2.32)
The drag force obtained by PR-DNS is the total hydrodynamic force acting on the particles, i.e.
the force due to the mean pressure gradient and the force due to surface stress. In TFM, the drag
force means the surface stress only. And for monodisperse suspensions, the force cause by surface
stress is equal to (1− εs) times the total hydrodynamic force. Thus, the TFM drag coefficient
Cd =
8εgFd
ρg |W |2piD2 (2.33)
Based on the relation48,65 that:
Kgm =
3
4
Cdεsρg
D
|W | (2.34)
The final form is
Kgm =
18εsµgε
2
g
D2
F (2.35)
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Bo et al.55 have developed a model of gas–solid heat transfer rate for monodisperse gas–solid flow,
which is valid for 0.1 6 εs 6 0.5 and 1 6 Rem < 100. The gas–solid heat transfer rate are given by
q′′′ =
6piεskgNu
4D2θg
(Ts − Tg) (2.36)
where kg is the gas thermal conductivity, Tm and Tg are average temperature of solid and gas
phases, respectively. Here
Nu = (−0.46 + 1.77εg + 0.69εg2)/εg3 + (1.37− 2.4εg + 1.2εg2)Rem0.7Pr1/3 (2.37)
θg = 1− 1.6εs(1− εs)− 3εs(1− εs)4 exp(−Rem0.4εs) (2.38)
Thus,
γgm =
6piεskgNu
4D2θg
(2.39)
2.3 Pseudo-turbulent velocity fluctuation model from PR-DNS
Tenneti et. al.56 derived a pseudo-turbulent velocity fluctuation model:
Rij =
〈
IgU
′′′(g)
i U
′′′(g)
j
〉
〈Ig〉 (2.40)
Rij
Eg
= 2(bij +
1
3
δij)
kg
Eg
(2.41)
Parallel to mean slip:
b
(f)
‖,‖ =
a
1 + b exp(−cRem) exp(
−dεs
1 + e exp(−fRem)) (2.42)
Perpendicular to mean slip:
b
(g)
⊥,⊥ = −
b
(g)
‖,‖
2
(2.43)
with a = 0.523, b = 0.305, c = 0.114, d = 3.511, e = 1.801, f = 0.005
kg
Eg
= 2εs + 2.5εs(1− εs)3 exp(−φRe1/2m ), (2.44)
Eg = 1/2Ug ·Ug (2.45)
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2.4 Pseudo-turbulent heat flux model from PR-DNS
Bo Sun et. al.57 developed a pseudo-turbulent heat flux model using PR-DNS method.
Pseudo-turbulent heat flux term
∂
∂x‖
{
ρgCpg
〈
IgU
′′′(g)
‖ φ
′′′(g)
〉
(x‖)
}
=
∂
∂x‖
(
−εgρgCpgα‖,‖
∂
〈
φ(g)
〉
∂x‖
)
(2.46)
Pseudo-turbulent thermal diffusivity
α‖,‖ =
4D(Rem + 1.4)Pr
6piεs 〈Nu〉
(0.2 + 1.2εs − 1.24ε2s) exp(−0.002Rem)| 〈W 〉 |
[1− 1.6εs(1− εs)− 3εs(1− εs)4 exp(−Re0.4m εs)]
(2.47)
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CHAPTER 3. INVESTIGATION OF APPLYING PR-DNS DRAG MODEL
INTO TWO-FLUID CFD SIMULATION
3.1 Introduction
We used two-fluid CFD simulation method and applied the sub-model for the unclosed drag
term derived from PR-DNS into the TFM. We proved the validity of applying the drag model
derived from PR-DNS into the TFM by simplified simulation cases. We simulated the cases with
MFiX software and OpenFOAM software separately. The errors between the calculated variables
and the simulated variables are negligible. It validates the application of PR-DNS drag model
into TFM frame. The difficulty of the job is that the PR-DNS drag model is provided in a force
formulation while the drag coefficient K or CD is needed in common computational software. To
be noticed, the drag force obtained by PR-DNS is the total hydrodynamic force acting on the
particles, i.e. the force due to the mean pressure and the force due to surface stress. In TFM, the
drag force means the surface stress only. This chapter shows the derivation process in detail.
3.2 Methodology
To apply the PR-DNS drag model into computational softwares, such as MFiX and OpenFOAM,
we need to transform the expression of PR-DNS drag force FPR−DNS into drag coefficient K or
CD. For two phase gas-solid homogeneous flow,
dUg
dt
= − 1
ρg
〈g〉 − 1
(1− εs)ρg fTFM (3.1)
dUs
dt
= − 1
ρs
〈g〉+ 1
εsρs
fTFM (3.2)
The drag force of PR-DNS is the total hydrodynamic force exerted on a particle. It includes the
force due to the mean pressure gradient(MPG) and due to the surface stresses (pressure+viscous).
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FPR−DNS =
1
Np
{− 〈g〉Vs −
∮
∂Vs
ψ′dA+ µg
∮
∂Vs
∇Ug • dA} (3.3)
while the drag force term in the two-fluid momentum equations and most widely used simulation
software, such as OpenFOAM and MFiX, only contains the force due to surface viscous stresses.
FTFM = −
∮
∂Vs
ψ′dA+ µg
∮
∂Vs
∇Ug • dA (3.4)
The drag force per volume is
fPR−DNS =
FPR−DNS ×Np
V
(3.5)
Thus,
fPR−DNS = −εs 〈g〉+ fTFM (3.6)
Apply (3.6)–(3.1) and (3.2),
dUg
dt
= − 1
(1− εs)ρg (〈g〉+ fPR−DNS) (3.7)
dUs
dt
=
1
εsρs
fPR−DNS (3.8)
When reach steady state, the MPG for fixed particles
〈g〉 = −fPR−DNS (3.9)
The drag term applied into OpenFOAM and MFiX should be
fTFM = (1− εs)fPR−DNS (3.10)
Tenneti et al.54 have developed a model of drag force for monodisperse gas–solid flow, which
is applicable for 0.1 6 εs 6 0.5 and 0.01 6 Rem 6 300. The drag force per particle are written as
follows:
F (εs, Rem) =
Fisol(Rem)
(1− εs)3 + Fεs(εs) + Fεs,Rem(εs, Rem) (3.11)
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Rem is the mean flow Reynolds number:
Rem =
D |W | ρg(1− εs)
µg
(3.12)
where |W | = |Ug −Us| is the magnitude of the mean slip velocity. D is the particle diameter, and
µg is the fluid dynamic viscosity. Fisol term represents the single sphere drag correlation proposed
by Schiller et al.:64
Fisol =

1 + 0.15Re0.687m , Rem 6 1000
0.44Rem
24
, Rem > 1000
(3.13)
The left two terms in (3.11) are expressed as:
Fεs(εs) =
5.81εs
(1− εs)3 + 0.48
ε
1/3
s
(1− εs)4 (3.14)
Fεs,Rem(εs, Rem) = ε
3
sRem
(
0.95 +
0.61ε3s
(1− εs)2
)
(3.15)
Note that F is the normalized form, the dimensional drag force should be calculated by
Fd = 3piµgD(1− εs) |〈W 〉|F (3.16)
Momentum equation in the form,
M{phase}α = K(uβ − uα) (3.17)
The coefficient K is split into the product
K = Kiεα
Ki =
3
4
CDReρgνg
d2p
(3.18)
where Re = dp |W | /νg.
In TFM, the drag force means the surface stress only. And for monodisperse suspensions, the
force cause by surface stress is equal to (1 − εs) times the total hydrodynamic force. Thus, the
TFM drag coefficient
CD =
8εgFd
ρg |W |2piD2 (3.19)
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In MFiX, the term needs to be expressed is K:
Kgm =
18εsµgε
2
g
D2
F (3.20)
In OpenFOAM, the term needs to be expressed is CDRe:
CDRe = 24εgF (3.21)
3.3 Case set-up and simulation conditions
Tenneti et al.54 set up the problem of flow past homogeneous fixed assemblies of monodisperse
spheres under the effect of a mean pressure gradient with periodic boundary conditions to derive
the drag correlation using PR-DNS, Rem = 20, and solid volume fraction εs = 0.1− 0.4.
I. MFiX. In MFiX, the pressure gradient changes every simulation step. It cannot be set as a
fixed value. We set up a mirrored case where particles periodically pass through static gas phase
under gravity. The gravity plays the role of the mean pressure gradient. The schematic of the
simulation set-up is shown in Fig. 3.1. The simulation parameters are listed in Table 3.1.
II. OpenFOAM. We set up a same case. The schematic of the simulation set-up is shown
in Fig. 3.2. The simulation parameters are listed in Table 3.1. We considered the cases in which
Rem = 20, solid volume fraction εs.
3.4 Results and discussion
I. MFiX. For Rem = 20, the values of simulated gravity g are shown in Table 3.2. These
values are compared with calculated values from PR-DNS. For PR-DNS cases∗ , the steady-state
relation between the mean pressure gradient and the drag force is given by Tenneti et al.66 The
relation can also be derived by combining (3.1) and (3.2):(
1
ρg
− 1
ρs
)
〈g〉 = −FTFM
V
[
1
εsρs
+
1
(1− εs)ρg
]
(3.22)
∗Here we use the equations and data for the cases of freely moving suspensions, which is equivalent with the case
of fixed particle assemblies when putted in an accelerating reference frame.66
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For our two fluid CFD cases, at steady state,
fPR−DNS = −εsρsg (3.23)
Based on the relation in (3.9), the calculated gravity can be expressed as
g =
〈g〉
εsρs
(3.24)
As Table 3.2 shows, the relative errors between the simulated gravity and the calculated gravity are
both small, which means that the two fluid CFD results are in good agreement with the PR-DNS
results. It substantiates the validity of applying the drag force closure derived by PR-DNS into the
two fluid CFD model.
II. OpenFOAM. The PR-DNS MPG can be calculated from (3.9). Comparing it with the
OpenFOAM simulated MPG at different Reynolds number and solid volume fraction, we found
that most of the errors are less than 1%, as shown in Table 3.3. It fully validates the consistency
between the PR-DNS drag law and the relevant drag term of TFM equations.
Figure 3.1 Schematic set-up for case I MFiX simulation.
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Figure 3.2 Schematic set-up for case II OpenFOAM simulation.
Table 3.1 Simulation parameters.
Case 1 Case 2
Height of domain x (m) 30 10
Width of domain y (m) 30 10
Depth of domain z (m) 30 10
Grid number (30 30 30) (200 1 1)
particle diameter D (m) 1 1
particle density ρ1 (kg ·m−3) 100 100
gas density ρg (kg ·m−3) 1 1
gas dynamic viscosity µg (Pa · s) 1.2E-2 1.2E-2
Table 3.2 Particle terminal velocities and gravity of different solid volume fraction for Rem = 20.
Solid volume fraction Mean pressure gradient Calculated gravity Simulated gravity Relative error %
εs 〈g〉 (N ·m−3) g′(m · s−2) g(m · s−2) |g − g′|/g′
0.1 2.362× 10−2 2.362× 10−3 2.38× 10−3 0.75
0.2 8.011× 10−2 4.006× 10−3 4.04× 10−3 0.84
0.3 2.137× 10−1 7.122× 10−3 7.15× 10−3 0.42
0.4 5.296× 10−1 1.324× 10−2 1.33× 10−2 0.45
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Table 3.3 Error (%) of the mean pressure gradient between PR-DNS calculation and OpenFOAM
simulation.
Rem εs = 0.1 εs = 0.2 εs = 0.3 εs = 0.4
0.01 0.19 0.20 0.19 0.19
1.00 0.19 0.19 0.19 0.19
5.00 0.18 0.18 0.18 0.18
10.00 0.17 0.17 0.17 0.18
20.00 0.15 0.16 0.16 0.17
40.00 0.12 0.13 0.14 0.15
100.00 0.08 0.18 0.10 0.12
200.00 0.05 0.06 0.07 0.09
300.00 0.04 0.05 0.06 0.07
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CHAPTER 4. INVESTIGATION OF THE BUDGET IN GAS MOMENTUM
EQUATION AND APPLYING PR-DNS PSEUDO-TURBULENT VELOCITY
FLUCTUATION MODEL INTO TWO-FLUID CFD SIMULATION
4.1 Introduction
To assess the performance of PR-DNS drag closure, we should compare it with other drag
models. Usually, the comparison is to change only the drag model while keeping other models
unchanged. However, because there is more than one unclosed terms in the averaged equations,
and there can even be nonlinear interactions between the models for these terms, this comparison
procedure is not definitive, and hence inconclusive. An optimized model should not only exhibit
superior predictions for that particular unclosed term, but also guarantee accurate modeling of the
remaining terms. The proper evaluation of models is comparing the budget of terms in the mean
momentum conservation equations.
In this chapter, we compared the budget of terms in the mean momentum conservation equation
to assess the performance of PR-DNS drag model and other widely used drag models. We found
that Wen-Yu drag model gives the residues closest to zero. Beetstra and Wen-Yu drag models lead
to asymmetry in the particle distribution along the vertical axis of the flow direction, while Tenneti
and other drag models give symmetric distributions.
4.2 Methodology
We calculated the budget of terms in the mean momentum conservation equation in Open-
FOAM. To do post-processing, we should first figure out the solving algorithm of TFM for gas–
particle flows in OpenFOAM. We focus on the momentum equations.
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Gas-phase Momentum equation:
∂
∂t
(εgρgUg) +∇ • (εgρgUgUg) = ∇ • (εgτg)− εg∇p+ εgρgg +Ksg (Us −Ug) (4.1)
τg = µg
[∇Ug +∇UTg ]− 23µg (∇ •Ug) I (4.2)
Solid-phase Momentum equation:
∂
∂t
(εsρsUs) +∇ • (εsρsUsUs) = ∇ • (εsτs)− εs∇p−∇ps + εsρsg +Ksg(Ug −Us) (4.3)
τs = µs
[∇us +∇uTs ]+ (λs − 23µs)(∇ • us)I (4.4)
Both phases are treated under an incompressible flow hypothesis.67 The PIMPLE algorithm
is used for the pressure–velocity coupling.68,69 More detailed explanations relating to the re-
actingEulerFoam solver in OpenFOAM can be found in Passalacqua’s article70 and Venier’s arti-
cle.71
∂
∂t
(εgUg) +∇ • (εgUgUg) = 1
ρg
∇ • (εgσg)− εg
ρg
∇p+ εgg + Ksg
ρg
(Up −Ug) (4.5)
∂
∂t
(εsρsUs) +∇ • (εsρsUsUs) = ∇ • (εsσs)− εs∇p−∇ps + εsρsg +Ksg (Ug −Us) (4.6)
To avoid the sudden change of slope across a stratified flow and improve the robustness of the
solver, a symmetric treatment is introduced.72 Define the modified pressure as:
prgh = p− ρmgh(with ρm = εgρg + εsρs) (4.7)
∇p¯ = ∇prgh + gh∇ρm = ∇p− gρm (4.8)
The semi-discrete form of the momentum equations are:
AgUg = Hg − εg
ρg
∇p¯+ εgεs(1− ρs
ρg
)g +
Ksg
ρg
(Up −Ug) (4.9)
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AsUs = Hs − εs
ρs
∇p¯+ εgεs(1− ρg
ρs
)g − 1
ρs
∇ps + Ksg
ρs
(Ug −Us) (4.10)
where Hi includes the off-diagonal contributions and Ai condensates the diagonal coefficients.
Define the coefficients:
λg =
1
Ag + Ksgρg
, λp =
1
As + Ksgρs
(4.11)
Express the phase velocities as
Ug = λg
(
Hg +
Ksg
ρg
Us − εg
ρg
∇p¯+ εgεs(1− ρs
ρg
)g
)
(4.12)
Us = λs
(
Hs +
Ksg
ρs
Ug − εs
ρs
∇p¯+ εgεs(1− ρg
ρs
)g − 1
ρs
∇ps
)
(4.13)
The face velocity fluxes are computed as
φg = (λgHg)f • S +
(
λg
Ksg
ρg
)
f
φ˜p + (εgεsλg)f (1−
ρs
ρg
)g • S −
(λgεg)f
ρg
|S| ∇⊥p¯ (4.14)
φs = (λsHs)f •S+
(
λs
Ksg
ρs
)
f
φ˜g+(εgεsλs)f (1−
ρg
ρs
)g •S−
(
λs
ρs
∂ps
∂εs
)
f
|S| ∇⊥εs−
(λsεs)f
ρs
|S| ∇⊥p¯
(4.15)
φ˜i are the face velocity fluxes at the previous time step.
Note that the particle pressure gradient was written as a function of the particle normal stress
modulus and of the particle-phase gradient:
∇ps = ∂ps
∂εs
∇⊥εs (4.16)
The overall mixture flux is
φ = εs,fφs + εg,fφg (4.17)
which obeys
∇ · φ = 0 (4.18)
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To solve p, substitute (4.15) and (4.14) into (4.18), and move pressure terms to the right side of
the equation,
∇ • (εs,fφ0p + εg,fφ0g) = ∇ •
{[
εs,f
(λsεs)f
ρs
+ εg,f
(λgεg)f
ρg
]
|S|∇⊥p¯
}
(4.19)
φ0g = (λgHg)f • S +
(
λg
Ksg
ρg
)
f
φ˜p + (εgεsλs)f (1−
ρs
ρg
)g • S (4.20)
φ0s = (λsHs)f • S +
(
λs
Ksg
ρs
)
f
φ˜g + (εgεsλs)f (1−
ρg
ρs
)g • S −
(
λs
ρs
∂ps
∂εs
)
f
|S| ∇⊥εs (4.21)
Once p¯ is solved, φs and φg can be updated accordingly.
It is clear that the terms of momentum equations are calculated with face values during the
solving process in OpenFOAM. For postprocessing,
Unsteady:
Ui =
1
V
∫∫∫
∂
∂t
(εiρiUi)dV =
(εiρiUi)
n+1 − (εiρiUi)n
∆t
(4.22)
Convection:
Ci =
1
V
∫∫∫
∇ • (εiρiUiUi)dV = 1
V
∫∫
(εiρiUiUi) • dS
=
1
V
∑
f
([εiρiUiφi]f )
(4.23)
Stress:
Si =
1
V
∫∫∫
∇ • (εiσi) dV = 1
V
∫∫
(εiσi) • dS
=
1
V
∑
f
{
[
εiµi
(∇Ui +∇UTi )− 23εiµi(∇ •Ui)I
]
f
• Sf}
(4.24)
Pressure and gravity:
Pi =
1
V
∫∫∫
(−εi∇p+ εiρig)dV
=
∑
f
(−εi∇⊥prgh|Sf | − εig • h∇⊥ρm|Sf |+ εiεˆi(ρi − ρˆi)g • Sf)f Sf|Sf |∑
f
1
Sf
Sf ⊗ Sf
(4.25)
Drag:
Di =
∫∫∫
(Ksg(Uˆi −Ui))dV =
∑
f
[
(Ksg)f (Uˆi)f • Sf
]
Sf
|Sf |∑
f
1
Sf
Sf ⊗ Sf
− [(KsgUi)]cellcenter (4.26)
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Particle pressure:
Ps =
∫∫∫
(∇Ps)dV =
(∂ps∂εs )f∇⊥εs|Sf |
Sf
|Sf |∑
f
1
Sf
Sf ⊗ Sf
(4.27)
where the symbol i denotes the phase, ∧ denotes the other phase and index f refers to face value.
For residue calculation
i =
n∑
1
(Ui +Ci − Si − Pi −Di − Ps) /n (4.28)
where n is the total number of cells in the domain.
4.3 Case set-up and simulation conditions
The case setup is the same with the one by Third et al.73 The schematic is shown in Fig. 4.1. The
simulation parameters are listed in Table 4.1. Ug = 0.3 m/s, and solid volume fraction φ = 0.587.
4.4 Results and discussion
The residues are shown in Table 4.2. As we can see, Wen-Yu drag model gives the residues
closest to zero. Fig. 4.5 shows the budget of terms in the mean conservation equation along the
x-component of momentum direction with different drag models. When using Beetstra and Wen-Yu
drag models, there are notable momentum fluxes along the x axis vertical to the flow direction. By
checking the particle distribution profile, as shown in Fig. 4.9, we found that Beetstra and Wen-Yu
drag models lead to asymmetric in the particle distribution along the x direction, while Tenneti
and other drag models give symmetric distribution.
The budget along the y-component of momentum direction (flow direction) is shown in Fig. 4.13.
All the drag models tested here show similar budget results. For particle phase, the particle gravity
is balanced by pressure and particle drag. For gas phase, the gas drag is balanced by pressure.
Investigate the gas-phase Momentum equation again:
∂
∂t
(εgρgUg)+∇•(εgρgUgUg)+∇•
(
εgρgU
′′′
g U
′′′
g
)
= ∇•(εgτg)−εg∇p+εgρgg+Ksg (Us −Ug) (4.29)
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The third term on the left hand side is the transport of velocity covariance. U ′′′g is the fluctuations of
gas phase velocity. This fluctuation term is usually neglected in the TFM due to lack of information.
PR-DNS is able to provide correlation for this term, which can be applied into the CFD model.
Rij =
〈
IgU
′′′(g)
i U
′′′(g)
j
〉
〈Ig〉 (4.30)
Rij
Eg
= 2(bij +
1
3
δij)
kg
Eg
(4.31)
Parallel to mean slip:
b
(g)
‖,‖ =
a
1 + b exp(−cRem) exp(
−dφ
1 + e exp(−fRem)) (4.32)
Perpendicular to mean slip:
b
(g)
⊥,⊥ = −
b
(g)
‖,‖
2
(4.33)
a = 0.523, b = 0.305, c = 0.114, d = 3.511, e = 1.801, f = 0.005
kg
Eg
= 2εs + 2.5εs(1− εs)3 exp(−εsRe1/2m ), (4.34)
Eg = 1/2Ug ·Ug (4.35)
Table 4.3 shows the proportion of each term including the fluctuation term in the budget gas-
phase momentum equation with different drag models. We can see that fluctuation term takes little
proportion in the budget. The transport of gas velocity fluctuations is not dominant in gas-phase
momentum transfer. The neglect of the fluctuation term in the low Reynolds number and high
solid volume fraction case is reasonable, which also applies to the biomass case we will research on
in chapter 6.
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Figure 4.1 Schematic of set-up for budget calculations.
Table 4.1 Simulation parameters.
Case 3
Height of domain 0.0324
Width of domain 0.0648
Depth of domain 0.0054
Grid number (36 72 10)
particle diameter 9E-4
particle density 700
gas density 1.14
gas dynamic viscosity 1.5E-5
Table 4.2 Residues when divided by largest term.
Beetstra Gidaspow Syamlal-O’Brien Wen-Yu Tenneti
Particle X 1.05E-02 5.13E-02 1.61E-01 1.16E-05 3.19E-01
Y 8.80E-04 9.14E-04 8.94E-04 1.32E-03 9.87E-04
Gas X 4.06E-04 1.57E-03 2.16E-03 6.04E-04 3.39E-04
Y 1.64E-04 1.85E-04 1.78E-04 2.40E-04 1.95E-04
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Figure 4.3 x direction of particle-phase mometum budget.
t
Figure 4.4 x direction of gas-phase momentum budget
Figure 4.5 Budget along x direction of different drag models.
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Figure 4.7 Beetstra Figure 4.8 Tenneti
Figure 4.9 x direction.
Table 4.3 Proportion of each term in the budget of gas-phase momentum equation (%).
Beetstra Gidaspow Syamlal-O’Brien Wen-Yu Tenneti
Unsteady 3.22E-03 7.93E-04 2.93E-04 1.04E-06 1.65E-03
Convection 1.71E+00 1.05E-01 7.43E-03 1.69E-02 3.06E+01
X Pressure 4.83E+01 3.95E-01 4.93E-01 4.83E-01 5.74E-03
Viscosity 7.83E-04 3.85E-04 1.77E-05 5.96E-06 1.66E-02
Drag 4.95E+01 4.72E-01 4.93E-01 4.96E-01 1.35E+01
Pseudo turbulence 4.71E-01 2.71E-02 6.64E-03 3.58E-03 2.05E-04
Unsteady 1.86E-06 2.50E-07 1.36E-07 7.79E-08 2.48E-07
Convection 3.83E-02 1.06E-03 7.97E-04 2.89E-04 7.80E-04
Pressure 4.99E+01 4.98E-01 4.98E-01 4.99E-01 4.98E-01
Y Viscosity 5.30E-04 1.46E-05 1.20E-05 2.38E-06 1.13E-05
Drag 4.99E+01 4.99E-01 4.99E-01 4.99E-01 4.99E-01
Gravity 6.78E-03 1.49E-04 1.11E-04 6.65E-05 1.18E-04
Pseudo turbulence 1.74E-01 1.68E-03 1.66E-03 1.83E-03 1.70E-03
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Figure 4.11 y direction of particle-phase momentum budget.
Figure 4.12 y direction of gas-phase momentum budget
Figure 4.13 Budget along y direction of different drag models.
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CHAPTER 5. INVESTIGATION OF APPLYING PR-DNS HEAT
TRANSFER MODEL AND PSEUDO-TURBULENT HEAT FLUX MODEL
INTO TWO-FLUID CFD SIMULATION
5.1 Introduction
We applied the PR-DNS heat transfer model and pseudo-turbulent heat flux (PTHF) model
into two-fluid CFD simulation cases. We validated the application of these closures obtained from
PR-DNS into the two-fluid CFD model with MFiX software and OpenFOAM software separately.
In OpenFOAM, we nondimensionalized the equations to simplify the simulation.
5.2 Methodology
5.2.1 Interphase heat transfer model
Bo Sun et al.55 have developed a model of gas–solid heat transfer rate for monodisperse gas–
solid flow, which is valid for 0.1 6 εs 6 0.5 and 1 6 Rem < 100. The gas–solid heat transfer rate
are given by
q′′′ =
6piεskgNu
4D2θg
(Ts − Tg) (5.1)
where kg is the gas thermal conductivity,Ts and Tg are average temperature of solid and gas phases,
respectively. Here,
Nu = (−0.46 + 1.77εg + 0.69αg2)/εg3 + (1.37− 2.4εg + 1.2εg2)Re0.7Pr1/3 (5.2)
θg = 1− 1.6εs(1− εs)− 3εs(1− εs)4 exp(−Rem0.4εs) (5.3)
Thus,
γgs =
6piεskgNu
4D2θg
(5.4)
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5.2.2 Pseudo-turbulent heat flux model
Bo Sun et al.57 introduce a gradient-diffusion model by analogy with turbulent scalar flux
models in single-phase flow:
Ruφ =
〈
Igu
′′′(g)
j φ
′′′(g)
〉
(x‖)
〈Ig〉 = −αjk,PT
∂
〈
φ(g)
〉
∂xk
(5.5)
The pseudo-turbulent thermal diffusivity αjk,PT is a tensor. However, in our gas–solid heat transfer
problem, the only non-zero component of the PTHF is the axial component which is aligned with
the gradient of the mean fluid temperature:
Ru‖φ = −α‖,‖
∂
〈
φ(g)
〉
∂x‖
(5.6)
PTHF term
∂
∂x‖
{
ρgCpg
〈
Igu
′′′(g)
‖ φ
′′′(g)
〉
(x‖)
}
=
∂
∂x‖
(
−εgρgCpfα‖,‖
∂
〈
φ(f)
〉
∂x‖
)
(5.7)
Pseudo-turbulent thermal diffusivity
α‖,‖ =
4D(Rem + 1.4)Pr
6piεs 〈Nu〉
(0.2 + 1.2εs − 1.24ε2s) exp(−0.002Rem)| 〈W 〉 |
[1− 1.6εs(1− εs)− 3εs(1− εs)4 exp(−Re0.4m εs)]
(5.8)
Anisotropy
α⊥,⊥ =
b⊥,⊥ + 13
b‖,‖ + 13
α‖,‖ (5.9)
5.2.3 Rotation of axes
For the cases where the direction of the mean fluid temperature is not aligned with the axes,
we need to do axes rotation with Gram–Schmidt method. The diagram is shown in Fig. 5.1.
v1 = (1, 0, 0)
T (5.10)
v2 = (0, 1, 0)
T (5.11)
v3 = (0, 0, 1)
T (5.12)
u1,‖ = W = us − ug (5.13)
32
u2,⊥ = v2 − u1 · v2
u1 · u1u1 (5.14)
u3,⊥ = v3 − u1 · v3
u1 · u1u1 −
u2 · v3
u2 · u2u2 (5.15)
e1,‖ =
u1
|u1| (5.16)
e2,⊥ =
u2
|u2| (5.17)
e3,⊥ =
u3
|u3| (5.18)
T =

R‖,‖
R⊥,⊥
R⊥,⊥

Q =

e1 · v1 e2 · v1 e3 · v1
e1 · v2 e2 · v2 e3 · v2
e1 · v3 e2 · v3 e3 · v3

T ′ = QTQT (5.19)
Figure 5.1 Rotation of axes.
33
5.2.4 Nondimensionalization process
Steady state, x axis flow direction
∂
∂x
(ρgεgCpfuxTg) = εgkg
∂2Tg
∂2x
+ εgρgCpfαPT
∂2Tg
∂2x
+ γfs(Ts − Tg) (5.20)
where αPT = α‖,‖. PR-DNS gas–solid heat transfer coefficient,
γfs =
6piεskgNu
4D2θg
The gas thermal conductivity,
kg = ρgCpfαg (5.21)
where, αg is the gas-phase thermal diffusivity, Cpf is the gas-phase heat capacity. Assume that the
gas-phase thermal properties and velocity are constant,
ρgεgCpgux
∂
∂x
(Tg) = εgρgCpg(αg + αPT )
∂2Tg
∂2x
+
6piεsαgρgCpfNu
4D2θg
(Ts − Tg) (5.22)
ux
∂Tg
∂x
= −6piεsNuαg
4εgθgD2
(Tg − Ts) + (αg + αPT )∂
2Tg
∂2x
(5.23)
Average non-dimensional temperature,
φ =
Tg − Ts
Tm,in − Ts (5.24)
where Tm,in is the average inlet bulk fluid temperature.
Define, x∗ = x/D (5.25)
ux
D
∂φ
∂x∗
= −6piεsNuαg
4εgθgD2
φ+
(αg + αPT )
D2
∂2φ
∂2x∗
(5.26)
αg = νg/Pr (5.27)
Rem = Duxεg/νg (5.28)
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where, νg is the kinematic viscosity.
∂φ
∂x∗
= − 6piεsNu
4θgPrRem
φ+ εg(
1
PrRem
+
αPT
νRem
)
∂2φ
∂2x∗
(5.29)
Pseudo-turbulent thermal diffusivity,
αPT =
4D(Rem + 1.4)Pr
6piεsNu
(0.2 + 1.2εs − 1.24ε2s) exp(−0.002Rem)ux
[1− 1.6εs(1− εs)− 3εs(1− εs)4 exp(−Re0.4m εs)]
∂φ
∂x∗ =
−6piεsNu
4θg
1
PrRem
φ+ (
εg
PrRem
+ 4(Rem+1.4)Pr6piεsNu
(0.2+1.2εs−1.24ε2s) exp(−0.002Rem)
[1−1.6εs(1−εs)−3εs(1−εs)4 exp(−Re0.4m εs)])
∂2φ
∂2x∗
∂φ
∂x∗
=
−6piεsNu
4θg
1
PrRem
φ+ (
εg
PrRem
+
PTH
λθg
)
∂2φ
∂2x∗
where, PTH = (0.2 + 1.2εs − 1.24ε2s) exp(−0.002Rem)
θg = 1− 1.6εs(1− εs)− 3εs(1− εs)4 exp(−Re0.4m εs)
λ =
6piεsNu
4(Rem + 1.4)Pr
Average non-dimensional bulk fluid temperature,
φm(x‖, t) =
Tm(x‖, t)− Ts
Tm,in − Ts ,whereTm(x‖, t) =
∫
ω∈Ω
∫
Ag
(uT )e‖dAg∫
Ag
(u)e‖dAg
dPω (5.30)
PR-DNS exponential decaying model for bulk fluid temperature,
φm(x‖) = exp(−λx‖/D) (5.31)
Use the relation,
φ = θgφm (5.32)
Solve the following ODE:
(
εg
PrRem
+
PTH
λθg
)
∂2φm
∂2x∗
− ∂φm
∂x∗
− 6piεsNu
4θg
1
PrRem
φm = 0 (5.33)
φm(0) = 1;
dφm
dx∗
(L/D) = −λ exp(−λL/D) (5.34)
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5.2.5 The treatment of small solid volume fraction situation
The PR-DNS PTHF model is provided for the case in which the solid volume fractions are
between 0.1–0.5. For the case of small solid volume fraction, we kept with the same PR-DNS
correlation until εs < 0.01. We drew a line between original point and the point at εs = 0.1
(Fig. 5.2). We assumed that the PTHF term satisfies the linear equation from εs = 0 to εs = 0.01.
Figure 5.2 Dependence of PTHF on solid volume fraction at Rem = 1, 50, 100.
5.3 Case set-up and simulation conditions
Bo et al.55,57 obtained the gas–solid heat transfer correlation and the pseudo-turbulent heat
flux model using PR-DNS by simulating a case of steady flow passing through homogeneous fixed
particles. The particles are isothermal with uniform and constant temperature. We built the same
cases to test the validity of the sub-models. The schematic is shown in Fig. 5.3. The simulation
parameters are listed in Table 5.1.
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Figure 5.3 Schematic set-up for simulation.
5.4 Results and discussion
Figs. 5.4 and 5.5 show the comparison of temperature distribution results by PR-DNS and
TFM with PR-DNS interphase heat transfer submodel and pseudo-turbulent heat flux model. In
the simulation software MFiX, the temperature outlet boundary is always set to be zero gradient.
Thus we can compare the results only in the case when the outlet boundary gradient is nearly zero,
i.e., Re = 1. As for the simulation by the software OpenFOAM, we can see the results is consistent
with PR-DNS results. It implies the validity of applying the closure of interphase heat transfer rate
and pseudo-turbulent heat flux obtained from PR-DNS into the two-fluid CFD model.
To check the influence of the PTHF, we compared the results of temperature distribution with
and without PTHF in a range of solid volume fraction and Reynolds number. As Fig. 5.7 shows,
under larger Reynolds number and smaller solid volume fraction, the PTFH term leads to an
obvious difference. We also calculated the budget of the two-fluid temperature equation, which
agrees with the above conclusion, as shown in Fig. 5.8.
Table 5.1 Simulation parameters.
εs Rem L/D Pr
0.1 1, 100 7.5 0.7
0.4 1, 100 5 0.7
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Figure 5.4 Temperature distribution PR-DNS results vs. TFM MFiX results.
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Figure 5.5 Temperature distribution PR-DNS results vs. TFM OpenFOAM results.
39
Figure 5.7 The influence of PTHF.
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Figure 5.8 Energy budget
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CHAPTER 6. INVESTIGATION OF APPLYING THE COMBINED NEW
MODEL INTO THE BIOMASS FAST PYROLYSIS FLUIDIZED-BED
REACTOR
6.1 Introduction
We have proved the validation of applying PR-DNS sub-models into the two-fluid CFD model in
the previous chapters. We simulated a biomass pyrolysis case in this chapter to check the influence
of the the PR-DNS drag model, heat transfer model, pseudo-turbulent velocity fluctuation model
and pseudo-turbulent heat flux model.
6.2 Methodology
Base on the work of Bradbury et al.74 and Miller et al.,75 the kinetic scheme for biomass
fast pyrolysis is shown in Fig. 6.1. Biomass is composed of three main components: cellulose,
hemicellulose, and lignin. And the pyrolysis products are classified into three groups: solid char,
tar vapor (bio-oil) and gas. Sand particles are also added to assist the fluidization of biomass
particles. All the species are listed in Table 6.1. The chemical kinetics for each species are in
Table 6.2. All the reactions are considered to be first order.74 The chemical kinetics for each
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species are written as follows:
dm1
dt
= −k1cm1 (6.1)
dm2
dt
= −k1hm2 (6.2)
dm3
dt
= −k1lm3 (6.3)
dm4
dt
= k1cm1 − (k2c + k3c)m4 (6.4)
dm5
dt
= k1hm2 − (k2h + k3h)m5 (6.5)
dm6
dt
= k1lm3 − (k2l + k3l)m5 (6.6)
dm7
dt
= k2cm4 + k2hm5 + k2lm6 − k4m7 (6.7)
dm8
dt
= (1− Yc)k3cm4 + (1− Yh)k3hm5 + (1− Yl)k3lm6 + k4m7 (6.8)
−[(dm1
dt
+
dm2
dt
+
dm3
dt
+
dm4
dt
+
dm5
dt
+
dm6
dt
)
1
ρb
− dm9
dt
1
ρc
]
ρg (6.9)
dm9
dt
= Yck3cm4 + Yhk3hm5 + Ylk3lm6 (6.10)
+
[
(
dm1
dt
+
dm2
dt
+
dm3
dt
+
dm4
dt
+
dm5
dt
+
dm6
dt
)
1
ρb
− dm9
dt
1
ρc
]
ρg (6.11)
where mi is the mass of the ith species, Kij is the reaction rate matrix for species 1–7, ρb and ρc are
the densities of biomass and char, respectively, and ρg is the gas density. k1c, k2c, k3c, k1h, k2h, k3h,
k1l, k2l, k3l and k4 are reaction rates for each reaction step of cellulose, hemicellulose, and lignin,
respectively. Yc, Yh and Yl are char formation ratios for reaction k3c, k3h and k3l, respectively. More
details can be found in Xue et al.42 The corresponding chemical kinetic source terms formulated
from (6.1) to (6.11), as summarized in Table 6.2, would be incorporated into the Eulerian two-fluid
CFD model. The first subscript indexes represent the gas, sand and biomass phases with g, 1 and
2, respectively; the second subscript indexes correspond with the species numbers. Note that for
the inert sand phase, R1,n are null.
6.3 Case set-up and simulation conditions
The set-up of the case is the same as Xue’s,42 as shown in Fig. 6.2. The feedstock of biomass
for simulation is switchgrass, and the compositions are listed in Table 6.3. Simulation parameters
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Figure 6.1 Kinetic scheme for biomass fast pyrolysis. Material components, active materials and
char are solid-phase species, while tar and gas are vapor products.
Table 6.1 Species index used in the kinetic model.
Species(phase) Index(n)
Virgin cellulose (s) 1
Virgin hemicellulose (s) 2
Virgin lignin (s) 3
Active cellulose (s) 4
Active hemicellulose (s) 5
Active lignin (s) 6
Tar (g) 7
Gas (g) 8
Char (s, g) 9
Sand (s) 10
N2 (g) 11
are given in Table 6.4. The previous Gidaspow drag law and Gunn heat transfer law are replaced
with the PR-DNS drag correlation and heat transfer correlation, respectively.
6.4 Results and discussion
Four models are run separately: (a) original model,42 (b) two-fluid CFD model with PR-DNS
drag closure,54 (c) two-fluid CFD model with PR-DNS interphase heat transfer closure55 and (d)
two-fluid CFD model with the two PR-DNS interphase closures.
6.4.1 Compare model (a) and model (b)
As shown in Fig. 6.4, the time- and horizontally spatial-averaged temperature distribution of
all the phases at steady state shows no distinct difference between the two models. Thus, the
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Table 6.2 Non-zero reaction rates for all the species.
R2,1 = −α2ρ2X2,1k1c
R2,2 = −α2ρ2X2,2k1h
R2,3 = −α2ρ2X2,3k1l
R2,4 = α2ρ2X2,1k1c − α2ρ2X2,4(k2c + k3c)
R2,5 = α2ρ2X2,2k1h − α2ρ2X2,5(k2h + k3h)
R2,6 = −α2ρ2X2,3k1l − α2ρ2X2,6(k2l + k3l)
Rg7 = α2ρ2X2,4k2c + α2ρ2X2,5k2h + α2ρ2X2,6k2l − αgρgXg7k4
Rg8 = α2ρ2X2,4k3c(1− Yc) + α2ρ2X2,5k3h(1− Yh) + α2ρ2X2,6k3l(1− Yl) + αgρgXg7k4
+ [α2ρ2X2,4(k2c + k3c) + α2ρ2X2,5(k2h + k3h) + α2ρ2X2,6(k2l + k3l)]
ρg
ρb
+ [α2ρ2X2,4k3cYc + α2ρ2X2,5k3hYh + α2ρ2X2,6k3lYl]
ρg
ρc
R2,9 = α2ρ2X2,4k3cYc + α2ρ2X2,5k3hYh + α2ρ2X2,6k3lYl
Rg9 = α2ρ2X2,4k3c(1− Yc) + α2ρ2X2,5k3h(1− Yh) + α2ρ2X2,6k3l(1− Yl) + αgρgXg7k4
− [α2ρ2X2,4(k2c + k3c) + α2ρ2X2,5(k2h + k3h) + α2ρ2X2,6(k2l + k3l)] ρgρb
− [α2ρ2X2,4k3cYc + α2ρ2X2,5k3hYh + α2ρ2X2,6k3lYl] ρgρc
drag force does not have a significant influence on the phase temperature. As for the averaged
y-velocity of the biomass phase, we can see from Fig. 6.5 that there is a distinct valley in the region
of 9 cm–12 cm height for original model (a). It indicates the falling back of biomass particles at
the bed surface region, after being carried up by the gas. While for model (b) no significant drop
is shown due to the smaller drag force predicted by the PR-DNS closure.
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Figure 6.2 Schematic set-up for case III biomass simulation.
6.4.2 Compare model (a) and model (c)
The averaged temperatures of gas, sand, and biomass phases are illustrated in Fig 6.8. The
temperature of the biomass phase shows a distinct valley at the biomass inlet location due to the low
temperature (300 K) of the freshly injected biomass particles. Moreover, the valley is a bit higher,
and the biomass temperature increases slower for model (c). The results imply that the PR-DNS
heat transfer closure predicts a lower gas–solid heat interchange rate. The average y-velocity of
Table 6.3 Inlet biomass compositions by mass fraction.
Feedstock Cellulose(X2,1) Hemicellulose(X2,2) Lignin(X2,3)
Switchgrass 0.42 0.34 0.24
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Table 6.4 Simulation parameters for Case III.
Phase Species (n) Xn T (K) αg, αm bed, freeboard ρtrue(g/cm
3) d (cm)
Gas (g) N2 (11) 1 794 0.395, 1 EOS
∗ 1
Gas (8) 0
Tar (7) 0
Solid (s1) Sand (10) 1 794 0.605, 0 2.649 0.05
Solid (s2) Biomass (1,2,3) 1 300 0, 0 0.64 0.05
Char (9) 0 2.33
Void (9) 0 Same as gas
∗ Equation of state for an ideal gas
biomass, plotted in Fig. 6.9 are slightly different for the two models. It implies the coupling between
temperature fields and velocity fields while the heat transfer model has no significant influence.
The results of the biomass phase average temperature and y-velocity for model (d) are shown
in Fig. 6.14. The trend of temperature distribution is the same with model (c), and the trend of
y-velocity distribution is similar to model (b).
Since we have noticed the significance of PTHF term in the last chapter, we laid stress on the
investigation of it. Fig. 6.19 compares the results of temperature distribution with and without
PTHF. From Fig. 6.16 , we can see that the gas temperature shows less distinct variations in the
region of the biomass supply location. The influence of PTHF accelerate the interior heat transport
of the gas phase. The product yields are compared in Table 6.5. We can see that the simulation
with pseudo-turbulent heat flux term generates the results most close to the experiment data.
Table 6.5 Product yields (wt.%) of biomass pyrolysis from experiment and simulations.
Method Bio-oil Char Non-condensible gas Residual
Experiment 71.7± 1.4 13.0± 1.5 20.5± 1.3 -
Simulation (Gidaspow + Gunn) 62.7 12.8 13.6 10.9
Simulation (PR-DNS drag) 62.5 11.0 13.4 13.1
Simulation (PR-DNS heat) 66.3 12.1 14.4 7.2
Simulation (PR-DNS drag+heat) 63.6 11.3 13.9 11.2
Simulation (PR-DNS drag+heat + PTHF) 63.36 13.20 14.69 8.75
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Figure 6.4 averaged temperature Figure 6.5 averaged y-velocity
Figure 6.6 Time- and spatial averaged (a) temperature and (b) y-velocity of the biomass phase
obtained by original CFD model and CFD model with PR-DNS drag closure.
Figure 6.8 averaged temperature Figure 6.9 averaged y-velocity
Figure 6.10 Time- and spatial averaged (a) temperature and (b) y-velocity of the biomass phase
obtained by original CFD model and CFD model with PR-DNS heat transfer closure.
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Figure 6.12 averaged temperature Figure 6.13 averaged y-velocity
Figure 6.14 Time- and spatial averaged (a) temperature and (b) y-velocity of the biomass phase
obtained by original CFD model and CFD model with PR-DNS drag and heat transfer closures.
49
Figure 6.16 gas phase
Figure 6.17 sand phase Figure 6.18 biomass phase
Figure 6.19 Averaged temperature distribution obtained by CFD model neglecting PTHF term
and CFD model with PR-DNS PTHF term.
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CHAPTER 7. CONCLUSIONS
In this report, the PR-DNS interphase drag model, heat transfer model, pseudo-turbulent ve-
locity fluctuation model and pseudo-turbulent heat flux model are applied into two-fluid CFD
simulation equations. By implementing the interphase sub-models obtained form PR-DNS, a new
CFD model for biomass fast pyrolysis in fluidized-bed reactors is established.
We validated the application of the drag model derived from PR-DNS into the two-fluid model
by simplified simulation cases. The pseudo-turbulent velocity fluctuation is commonly neglected
due to lack of information. PR-DNS provides a sub-model for it. By calculating the budget of the
gas-phase momentum equation, we found that this term can be neglected for large solid volume
fraction and low Reynolds number.
We validated the application of the interphase heat transfer model and pseudo-turbulent heat
flux model derived from PR-DNS into the two fluid model by simplified simulation cases. The
pseudo-turbulent heat flux term may have a significant influence in the simulation of temperature
field. And thus the neglect of pseudo-turbulent heat flux term in the two-fluid CFD model is not
reasonable.
To further validate the improvement of the new model, we should test grid independence and
parameter sensitivity, such as particle diameter, inlet gas temperature and biomass feeding rate.
The dominant terms in the two-fluid equations, such as the average reaction rate, need further accu-
rate correlations provided by PR-DNS since their significant influence on the predictive capability
of the CFD model.
We can also research on the variable diameters of the biomass particles. Fan et al.76 raise up
the function of particle size distribution and we can apply it to the diameter changes of the biomass
particles. We can apply the two-fluid CFD model with PR-DNS sub-models to a broader scope of
gas–solid reacting systems, such as chemical looping combustion and carbon dioxide capture.
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